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6 covered with cotton net yarn butter paper for ovipositing. The cotton net yarn and butter paper were 148 replaced every day. Moth survivorship and oviposition were recorded daily until both moths from each 149 pair died. 150
Food utilization of the larvae of M. separata 151
Each 3rd instar test larvae of M. separaae was weighed at the initiation of the feeding trial by using an 152 electronic balance (AL104, METTLER-TOLEDO, Switzerland). Total accumulated feces from 3 rd instar 153 until the larva entered pupal stage (6 th instar), 6th instar larval weight, and the remaining leaves were also 154 weighed. The food utilization indices of M. separata included the relative growth rate (RGR), relative 155 consumption rate (RCR), approximate digestibility (AD), efficiency of conversion of ingested food (ECI) 156 and efficiency of conversion of digested food (ECD) (Chen et al., 2005a; Chen et al., 2005b) . Formulas 157 for calculation of the measured indices were adapted from Chen et al. (2005b) . 158
Data analysis 159
All data were analyzed using the statistical software SPSS 19.0 (2015, SPSS Institute, Chicago, IL) . 160
Four-way analysis of variance (ANOVA) was used to analyze the effects of CO2 levels (elevated vs. 161 ambient), transgenic treatment (Bt maize vs. non-Bt maize), azoto infection (AB and AC vs. CK), 162 sampling years (2016 vs. 2017) , and the interactions on the measured indices of growth, development, and 163 reproduction, including larval life-span, pupation rate, pupal weight, pupal duration, adult longevity and 164 fecundity of M. separata. The measured food utilization indices were analyzed by using an analysis of 165 covariance (ANCOVA) with initial weight of M. separata (i.e., 3rd instar larva) as a covariate for RCR 166 and RGR, while food consumption was a covariate for ECI and AD to correct the effect of variation in the 167 growth and food assimilation of M. separata (Raubenheimer & Simpson, 1992) ; food assimilated was also 168 used as a covariate to analyze the ECD parameter (Hä gele, 1999) . The assumption of a parallel slope 169 between covariate and dependent variable was satisfied for each analysis. Treatment means were 170 separated by using the Duncan-test to examine significant difference at P<0. 05. 171 
Results

172
Effects of CO2 level, transgenic treatment and azoto infection on the rhizosphere soil densities of A. 173 brasilense and A. chroococcum in different sampling period 174
Significant effects of azoto infection (P<0.001) were observed on the measured rhizosphere soil densities 175 of A. brasilense (AB) and A. chroococcum (AC) 14 days after maize planting. Compared with ambient 176 CO2, elevated CO2 significantly increased the rhizosphere soil densities of both A. brasilense and A. 177 chroococcum; compared with the control buffer solution (CK), azoto infection significantly increased the 178 rhizosphere soil densities of A. brasilense and A. chroococcum (P<0.001; Table 1 ). CO2 level and azoto 179 infection (P<0.001) both significantly affected the measured rhizosphere soil densities of A. brasilense 180 and A. chroococcum at maize harvest (Table 2) . 181
Effects of CO2 level, transgenic treatment and azoto infection on the development and reproduction 182
of M. separata 183 7 CO2 level and transgenic treatment both significantly affected the larval life-span, pupation rate, pupal 184 weight and duration, adult longevity, and fecundity in M. separata fed on both Bt and non-Bt maize 185 infected with A. brasilense and A. chroococcum (P<0.001). However, the azoto infection significantly 186 affected the larval life-span, pupal duration (P<0.05) and fecundity (P<0.001) of M. separata fed on both 187 cultivars and at both CO2 levels (Table 3) . 188
Compared with ambient CO2, elevated CO2 significantly prolonged the larval life-span (+6.21%), 189 pupal duration (+5.56%), and significantly decreased the pupation rate (-18.08%), pupal weight (-8.12%), 190 adult longevity (-6.06%) and fecundity (-22 .58%) of M. separata (P<0.05; Table 4 ). Also, compared with 191 the buffer control, azoto infection with A. brasilense and A. chroococcum both significantly shortened the 192 larval life-span (-5.20% and -5.70%), pupal duration (-3.68% and -3.81%) and fecundity (-10.20% and 193 -9 .53%) of M. separata (P<0.05; Table 4 ). Moreover, Bt maize significantly prolonged the larval life-span 194 (+13.67%) and pupal duration (+7.54%), shortened the adult longevity (-10.41%), and decreased the 195 pupation rate (-75.55%), pupal weight (-13.54%) and fecundity (-75.46%) of M. separata compared to 196 that for non-Bt maize (P<0.05; Table 4 ). 197
Impacts of CO2 level, transgenic treatment and azoto infection on the food utilization of M. separata 198
There were significant effects of CO2 level, transgenic treatment, and azoto infection (P<0.01 or P<0.001) 199 on food utilization of M. separata fed on both Bt and non-Bt maize infected with A. brasilense and A. 200 chroococcum at both CO2 levels in both years of the study (Table 3) . 201
Compared with ambient CO2, elevated CO2 significantly reduced the RGR (-9.95%), ECD (-16.05%) 202
and ECI (-17.95%), and significantly enhanced the RCR (+10.44%) and AD (+5.59%) of M. separata 203 (P<0.05; Table 4 ). Compared with the buffer control, azoto infection with A. brasilense and A. 204 chroococcum both significantly decreased the ECD (-9.28% and -7.48%) and ECI (-9.22% and -7.91%), 205 and significantly increased the RGR (+4.75% and +5.56%), RCR (+6.78% and +7.53%) and AD (+5.28% 206 and +4.93%) in M. separata (P<0.01; Table 4 ). Moreover, significant decreases in RGR (-13.85%), ECD 207 (-41.25%) and ECI (-31.97%), and significant increases in RCR (+16.60%) and AD (+7.88%) were found 208 when M. separata fed on Bt maize compared to that on non-Bt maize (P<0.05; Table 4 ). 209
Interactive influence of CO2 level, transgenic treatment, and azoto infection on growth, development 210 and reproduction of M. separata 211
In addition to the significant main effects of CO2 level, transgenic treatment, and azoto infection, there 212 were significant two-way and three-way interaction of these three main effects on larval life-span, 213 pupation rate, pupal weight and duration, adult longevity, and fecundity of M. separata fed on Bt and 214 non-Bt maize infected with A. brasilense and A. chroococcum under both CO2 levels in both years of the 215 study (P<0.05, P<0.01 or P<0.001; Table 3) . 
CO2 × Azoto 291
Similar trends were observed in RGR, RCR and AD, while inverse trends were shown in ECD and ECI of 292 M. separata under ambient and elevated CO2, which fed on Bt maize and non-Bt maize infected with A. 293 10 brasilense (AB) and A. chroococcum (AC) versus control buffer (CK) ( Fig. 3 K-O) . Compared with the 294 buffer control (CK), azoto infection significantly decreased ECD (AB: -20.71%; AC: -22.07%) and ECI 295 (AB: -12.77%; AC: -12.89%) of M. separata larvae under elevated CO2, and significantly increased ECD 296 (AB: +5.35%; AC: +8.04%) and ECI (AB: +7.43%; AC: +9.85%) of M. separata larvae under ambient 297 CO2 (P<0.05; Fig.3) ; and azoto infection significantly enhanced RGR (AB: +3.32% and +7.40%; AC: 298 +5.14% and +8.67%), RCR (AB: +9.78% and +5.29%,; AC: +11.32% and +5.93%) and AD (AB: +7.34% 299 and +4.18%; AC: +7.92% and +4.66%) under elevated and ambient CO2, respectively (P<0.01; Fig. 3 Relative growth rates (i.e., RGR) of Gypsy moth (Lymantria dispar) were reported to be reduced by 30% 324 in larvae fed on Quercus petraea exposed to elevated CO2 (Hattenschwiler & Schafellner, 2004) . Relative 325 consumption rate (i.e., RCR) was significantly higher for H. armigera larva fed maize grown at 375 and 326 750 ppm CO2 in contrast to ambient CO2 condition, and elevated CO2 significantly decreased the 327 efficiency of conversion of ingested food (i.e., ECI), the efficiency of conversion of digested food (i.e., 328 ECD), and the RGR of H. armigera larvae compared with ambient CO2 (Yin et al., 2010) . In this study, 329 elevated CO2 significantly increased the RCR (+10.44%) and the approximate digestibility (+5.59%) (i.e., 330 AD), and significantly reduced the RGR (-9.95%), ECD (-16.05%) and ECI (-17.95%) of M. separata 331 11 larvae compared with ambient CO2. According to the "Nutrition compensation hypothesis", elevated CO2 332 can affect the development fitness of herbivores by changing the nutritional components, above and 333 below-ground biomass, and photosynthetic rate of host plants indirectly (Ainsworth & Rogers, 2007; 334 Jackson et al., 2009; Zavala et al., 2013) , including increased C/N ratio and decreased nitrogen content etc. 335
Declined growth rate, reproduction, and survival rate were found in the chewing mouthparts insects (e.g. 336
Helicoverpa armigera, Spodoptera exigua, Mythimna separata), and the food consumption of which 337 increased so that they could obtain necessary nutrition to survive (Bottomley et al., 1993; Rogers et al., 338 2006) . Yin et al.(2010) reported that elevated CO2 increased the food consumption and prolonged the 339 Although the transgenic corn, Zea mays L., hybrids expressing the Cry insecticidal protein from 346
Bacillus thuringiensis (Bt) were developed to control Helicoverpa zea, Ostrinia nubilalis, Spodoptera 347 frugiperda and Mythimna separata (Ostlie et al., 1997; Koziel et al., 1993; Armstrong et al., 1995; 348 Jouanin et al., 1998; Lynch et al., 1999) , few studies focused on the defense responses of transgenic 349 cry1Ie maize to corn armyworm under elevated CO2, especially on the growth, development and food 350 utilization of the pest insects. Prutz & Dettner (2005) reported that the transgenic Bacillus 351 thuringiensis-maize could result in decreased growth rate and increased mortality, which might attribute to 352 the termination of larval metamorphosis. Most studies showed that adverse effects on life-table parameters 353 of different herbivores were direct by the Cry protein (Lawo et al., 2010) , which might be due to the 354 interaction of feeding inhibitors and growth inhibitors (e.g. secondary plant substances) (Smith & Fischer, 355 1983) . Effects of elevated CO2 on the plant nutrition, metabolism and secondary defense metabolism 356 might adverse for the growth, development and nutrition utilization of herbivores (Akbar et al., 2016) . 357
The insects possessed more nutrients to meet their growth needs and prolong the food digestion time in 358 the midgut so that the RCR and AD increased (Reynolds, 1985) . In this study, we found that some flavonoids, while the terpenoids and NBSC decreased by 13% and 16% respectively. Coviella (2002) 12 anticipated that the primary CO2 effect on Bt toxin production would be due to differences in N 371 concentration within the plant. In a meta-analytical review of 33 studies that simultaneously increased 372 carbon dioxide conditions compared to ambient conditions, Zvereva & Kozlov (2006) showed that 373 nitrogen concentration in plants was reduced under elevated CO2, and this decrease was stronger for 374 woody compared to herbaceous plants. If conditions of increased carbon (e.g. elevated CO2) allow plants 375
to allocate significantly more resources to condensed tannins and gossypol, then the enzyme composition 376 in the insect herbivore is expected to also change. Similarly, if Bt toxin production changes due to 377 elevated CO2, then the insect herbivore's body enzymes should also be changed in this circumstance. 378
Most of nitrogen, however, is found in the form of nitrogen gas (N2) which approximately amounts 379 to 78% in the atmosphere. As plants cannot use this form of nitrogen directly, some microbes can change 380 the nitrogen gas into ammonia. Most free living microbes in soil which can fix nitrogen and whose 381 activities in enhancing the growth of plants are bacteria namely Azotobacter sp. and Azospirillum sp. 382
These two bacteria are particularly important in maize production system due to their greater nitrogen 383 fixing ability. Azospirillum acquires carbohydrate directly from sieve tube as a resource of carbon which 384 promotes its growth (Olivera et al., 2004) . Azospirillum can be used to promote the growth of sprouts 385 under normal and arid conditions (Alejandra et al., 2009) . Azospirillum also provides more flexibility to 386 cell wall which enhances the growth (Pereyra et al., 2010) and increases products of wheat in waterless 387 plot of land (Martin et al., 2009 ). Furthermore, azospirillum had the highest efficiency in nitrogen fixation 388 at the root of sweet corn and it would reach the highest point of nitrogen fixation in the week 4 amounting 389 to 0.20 mgNhr -1 m -2 (Toopakuntho, 2010) . Azospirillum can also create auxin, a substance promoting 390 growth of maize, of 53.57 mg/ml (Phookkasem, 2011) . Therefore, we used techniques of azotobacter (A. 391
brasilense & A. chroococcum) inoculation of maize seeds to stimulate plant N uptake to increase in 392 biomass N relative to C under elevated CO2, increase Bt toxin production for transgenic cry1Ie maize and 393 create a substance promoting maize plant growth. In this study, we found that elevated CO2 significantly 394 enhanced the rhizosphere soil densities both A. brasilense and A. chroococcum. We hypothesize that the 395 elevated CO2 increased the maize root bifurcation and soil nutrition (e.g. carbohydrates, amino acids and 396 multi-trace elements) for azotobacter to provide the living space and nutrition. Other researchers have also 397 shown positive effects of elevated CO2 on the bacterial community in the rhizosphere of maize (Chen, 398 2012) . Moreover, significant advserse effects on the growth, development, reproduction and food 399 utilization of M. separata was observed when the host substrate maize was exposed to azotobacter 400 treatments, which might be attributed to azotobacter stimulating plant N uptake to increase Bt toxin 401 production for transgenic cry1Ie maize and promoting growth of its parental line (Xianyu335). 402
There was no significant year-to-year variation in our field research data. Therefore, the overall 403 results clearly indicate that increasing CO2 had negative effects on M. separata. Resistance performance 404 of transgenic cry1Ie maize decreased under elevated CO2 as shown by decreased RGR, ECD, and ECI. 405
The azotobacter treatments (A. brasilense & A. chroococcum) had positive effects on improving the 406 effectiveness of Bt maize on target Lepidoptera pest management via decreased RGR, ECD, and ECI of M. 407 separata that fed on transgenic cry1Ie maize and promoting growth of Xianyu 335 via increased RGR, 408 ECD, and ECI of M. separata. Under future predicted climate changes (e.g. elevated CO2), it is 409 13 particularly important to understand the field insect resistance traits of resistant crops to target pests. In an 410 environment of accelerated greenhouse effect, Bt maize may have decreased resistance performance in the 411 field with inhibiting effect on the development and food utilization of insects. Therefore, we used 412 techniques of azotobacter (A. brasilense & A. chroococcum) inoculation of maize seeds to stimulate plant 413 N uptake to increase in biomass N relative to C under elevated CO2, increase Bt toxin production for 414 transgenic cry1Ie maize, and create a substance promoting maize growth. This study demonstrates that the 415 use of azotobacter (e.g., A. brasilense and A. chroococcum) as pest control enhancer especially under 416 elevated CO2 is significantly more beneficial in transgenic Bt maize system compared to that in 417 non-transgenic system. 418 Table 1 The rhizosphere soil densities of azotobacters, Azospirillum brasilense (i.e., AB) and Azotobacter chroococcum (AC) inoculated in the potted soil of transgenic Bt maize (i.e., Bt) and its parental line of non-Bt maize (Xy) grown under ambient and elevated CO2 in 2016 and 2017
Measure matters
Azoto infections 2016 2017
Sampled soil before maize planting (AB; AC copies/g) 5.53 ± 0.24 10 5 ; 4.47 ± 0.12 10 5 5.61 ± 0.11 10 5 ; 4.33 ± 0.17 10 5
Sampled soil at the maize seedling after 14 days (AB; AC copies/g) AB aCO2-Bt 8.46 ± 0.24 10 11 ; 4.48 ± 0.26 10 5 8.40 ± 0.28 10 11 ; 4.44 ± 0.11 10 5 aCO2-Xy 8.25 ± 0.26 10 11 ; 4.21 ± 0.08 10 5 8.69 ± 0.23 10 11 ; 4.56 ± 0.22 10 5 eCO2-Bt 8.36 ± 0.19 10 11 ; 4.43 ± 0.15 10 5 8.59 ± 0.21 10 11 ; 4.47 ± 0.17 10 5 eCO2-Xy 8.70 ± 0.27 10 11 ; 4.58 ± 0.29 10 5 8.24 ± 0.12 10 11 ; 4.34 ± 0.27 10 5 AC aCO2-Bt 5.54 ± 0.25 10 5 ; 7.37 ± 0.29 10 11 5.70 ± 0.28 10 5 ; 7.40 ± 0.26 10 11 aCO2-Xy 5.73 ± 0.24 10 5 ; 7.29 ± 0.17 10 11 5.36 ± 0.22 10 5 ; 7.66 ± 0.25 10 11 eCO2-Bt 5.62 ± 0.30 10 5 ; 7.71 ± 0.15 10 11 5.13 ± 0.04 10 5 ; 7.32 ± 0.13 10 11 eCO2-Xy 5.46 ± 0.28 10 5 ; 7.59 ± 0.17 10 11 5.42 ± 0.13 10 5 ; 7.57 ± 0.22 10 11 CK aCO2-Bt 5.71 ± 0.20 10 5 ; 4.52 ± 0.21 10 5 5.92 ± 0.08 10 5 ; 4.67 ± 0.17 10 5 aCO2-Xy 5.50 ± 0.29 10 5 ; 4.24 ± 0.15 10 5 5.33 ± 0.18 10 5 ; 4.31 ± 0.13 10 5 eCO2-Bt 5.46 ± 0.08 10 5 ; 4.26 ± 0.18 10 5 5.62 ± 0.31 10 5 ; 4.48 ± 0.21 10 5 eCO2-Xy 5.46 ± 0.18 10 5 ; 4.76 ± 0.23 10 5 5.47 ± 0.17 10 5 ; 4.21 ± 0.09 10 5
Sampled soil at the maize harvest (AB; AC copies /g) AB aCO2-Bt 8.50 ± 0.19 10 11 b; 4.65 ± 0.21 10 5 8.39 ± 0.26 10 11 b; 4.01 ± 0.26 10 5 aCO2-Xy 8.44 ± 0.15 10 11 b; 4.11 ± 0.23 10 5 8.65 ± 0.19 10 11 b; 4.30 ± 0.18 10 5 eCO2-Bt 9.81 ± 0.23 10 11 a; 4.13 ± 0.17 10 5 1.09 ± 0.04 10 12 a; 4.67 ± 0.20 10 5 eCO2-Xy 9.98 ± 0.25 10 11 a; 4.49 ± 0.22 10 5 1.02 ± 0.03 10 12 a; 4.89 ± 0.23 10 5 AC aCO2-Bt 5.57 ± 0.31 10 5 ; 7.27 ± 0.26 10 11 b 5.40 ± 0.08 10 5 ; 7.30 ± 0.14 10 11 b aCO2-Xy 5.99 ± 0.25 10 5 ; 7.49 ± 0.19 10 11 b 4.97 ± 0.15 10 5 ; 7.24 ± 0.19 10 11 b eCO2-Bt 4.89 ± 0.27 10 5 ; 8.98 ± 0.15 10 11 a 5.94 ± 0.14 10 5 ; 9.07 ± 0.12 10 11 a eCO2-Xy 5.33 ± 0.10 10 5 ; 8.96 ± 0.21 10 11 a 5.77 ± 0.12 10 5 ; 9.03 ± 0.18 10 11 a CK aCO2-Bt 5.15 ± 0.35 10 5 ; 4.65 ± 0.23 10 5 5.39 ± 0.08 10 5 ; 4.56 ± 0.22 10 5 aCO2-Xy 5.49 ± 0.19 10 5 ; 4.37 ± 0.33 10 5 4.97 ± 0.16 10 5 ; 4.66 ± 0.15 10 5 eCO2-Bt 5.59 ± 0.14 10 5 ; 4.76 ± 0.11 10 5 4.88 ± 0.25 10 5 ; 4.64 ± 0.17 10 5 eCO2-Xy 5.12 ± 0.14 10 5 ; 4.69 ± 0.05 10 5 5.13 ± 0.13 10 5 ; 4.24 ± 0.10 10 5
Note: 
